Introduction
The interaction of cells at the interface of implant materials is decisive for the clinical success of an implant. The characteristics of an implant material -among them substrate chemistry and topography -influence adhesion, spreading, migration of cells and their function [1, 2, 3, 4, 5, 6, 7] which is mediated by integrins at sites of adhesion contacts to the extracellular matrix [8, 9, 10, 11, 12, 13] . But less is known about the correlation between these biological parameters and the physico-chemical characteristics of the implant surface. Among of scientific working groups dealing with cellular behavior on structured material surfaces there are only few trying to establish a direct quantitative relationship between material and cell biological parameters. Parallel to our work the group of Anselme et al. [14] investigates titanium and titanium alloys with similar surface structures. The material parameters used by them to characterize the surface are limited to those calculated from the roughness profile, like roughness average and fractal dimension. We tried to find out material parameters -for instance with electrochemical methods -to describe further material properties. Although the spectrum of cell biological parameters we used is more extended compared to the group of Anselme, in their experiments the temporal dependency of cellular behavior has a higher impact. The object of our study was to find out whether the cellular behavior of human osteoblasts -especially integrin-mediated adhesion, spreading, proliferation and gene expression -is determined by the interface characteristics of titanium with different topography and to recognize a correlation between material and cell biological parameters. This knowledge could be of interest for the design of material surfaces in the future.
The interaction of cells with implant materials at the interface is decisive for the clinical success of an implant. Materials influence adhesion, spreading and migration of cells which is mediated by integrins at sites of adhesion contacts to the extracellular matrix. But less is known about the correlation between these biological parameters and the physico-chemical characteristics of the implant surface. This knowledge could be of interest for the design of material surfaces in the future. The object of our study was to find out whether the cellular behavior of human osteoblasts is determined by the surface characteristics of titanium with different topography. Therefore, pure titanium surfaces were modified by polishing (P), machining (M), blasting with glass spheres (GB), blasting with corundum particles (CB) and vacuum plasma spraying (VPS) resulting in increasing roughness. The material surface was characterized by SEM, surface profiling and electrochemical methods. Cell biological investigations were performed by confocal microscopy, flow cytometry and RT-PCR. We revealed a correlation for integrin expression, integrin formation, adhesion, spreading, proliferation, and BSP expression with physicochemical characteristics of the titanium surfaces.
Interface interaction of osteoblasts with structured titanium surfaces

Materials and Methods
Material characteristics
T Ti it ta an ni iu um m Titanium (Ti) of technical purity (grade 2) was used as discs 30 mm in diameter for flow cytometric investigations or as plates 11 mm in diameter for confocal microscopic analysis. The physical structure of the surface was modified as follows: Polishing (P) with SiC wet grinding paper (grit P4000); machining (M); blasting with glass spheres (GB) (180-300 µm) at 3.5 bar; blasting with corundum (aluminum oxide) particles (CB) (500-600 µm) at 6 bar and vacuum plasma spraying with titanium particles (VPS) [6, 8, 15, 16] . Before use in experiments, materials were ultrasonically cleaned and sterilized with 70% ethanol over night.
S Su ur rf fa ac ce e p pr ro of fi il li in ng g a an nd d S SE EM M The surface profiler HOMMEL-Tester T8000 [A] was used for roughness measurements. Because of the comparability all Ti specimens were measured over the same sample length l m of 15 mm with a scan rate of 0,5 mm/s. Average roughness (R a ) and other roughness parameters (ISO 4287/1) were calculated from the primary profile. To complete the roughness measurements there were made cross sections through the samples. For that purpose one sample per modification was embedded in resin, millcut and the cutting area was polished. From SEM-pictures of this cross sections the borderline of the titanium material was extracted and digitally processed. It was analyzed using the boxcounting algorithm to get the fractal dimension D F (DIP) (Kolmogorov dimension). The material surfaces and cross sections of titanium samples with different roughness were investigated with support of the scanning electron microscope (SEM) STEREOSCAN 360 [B] . E El le ec ct tr ro oc ch he em mi ic ca al l c ch ha ar ra ac ct te er ri iz za at ti io on n All electrochemical experiments were performed in 3-electrode-technique in a glass cell containing 80 cm 3 of a phosphate buffered saline PBS (pH 7.2) electrolyte solution. A geometrical area of 2.27 cm 2 of the Ti specimen served as working electrode. As reference system a saturated calomel electrode (SCE) KE-10 [C] was used. The counter electrode consisted of a platinum sheet (4.67 cm 2 ) placed in a 30 mm distance opposite to the working electrode. Measurements were performed at room temperature (22 ± 1°C). The applied electrolyte solutions were not deaerated. After the measurement of the open circuit potential (E ocp ) for half an hour a voltammetric experiment was performed with the electrochemical measuring system ZAHNER IM6e [D] to get a quasi-stationary current-potential-curve. The potential scans were carried out from -0.5 V to 0 V vs. SCE in anodic direction with a scan rate 0.5 mV/s. Values for corrosion potential (E corr ), corrosion current (I corr ), corrosion resistance (R corr ) and cathodic Tafel-slope were obtained by classical Tafel-analysis of the cathodic branch. Electrochemical impedance spectroscopy (EIS) was performed in the frequency range from 1 mHz to 10 kHz in the single sine mode with an ac amplitude of 10 mV with respect to open-circuit-potential (E OCP ) with the ZAHNER IM6e system. The EIS data were analyzed using THALES software from ZAHNER. From the equivalent circuit the capacity C of the electrochemical double layer was determined. The fractal dimension D F (EIS) also was calculated from EIS data. A chronoamperometric experiment was used to determine the amount of charge required for reloading of the double layer capacity for a 20 mV potential jump. The resulting current transients were recorded for 10 s with a resolution of 10 ms. The integration of this current transients delivered the value for the charging of the surface Q, which is a measure for the true surface area. The chronoamperometric experiment was performed with the electrochemical workstation AUTOLAB [E] . Another voltammetric experiment was performed with the AUTOLAB system in an electrolyte containing 10 mmol/l ferricyanide K 3 [Fe(CN) 6 ] and 0.5 mol/l Na 2 SO 4 as supporting electrolyte to get the parameter fractal dimension D F (LSV). Several potential scans were carried out from +0.2 V to -1.2 V vs. SCE in cathodic direction with varied scan rates from 1 to 200 mV/s. Before every scan starts the Ti surface was conditioned at +0.2 V vs. SCE for 120s. For background correction all measurements were repeated in supporting electrolyte and subtracted from obtained curves [17, 18] .
Cellular investigations
C Co on nf fo oc ca al l l la as se er r s sc ca an nn ni in ng g m mi ic cr ro os sc co op py y ( (L LS SM M) ) Microscopical examinations were performed on the inverted confocal laser scanning microscopes LSM 410 [5] or LSM Leica TCS SP2 AOBS [G] equipped with an argon-ion laser. For all experiments a 63x oil immersion objective (1.25 oil/ 0,17) was used. The size of the images was 512x512 pixels. [N] were cultured in Dulbecco's modified Eagle medium (DMEM) [O] with 0-10% fetal calf serum (FCS) and 1% gentamicin [P] at 37 °C and in a 5% CO 2 atmosphere. In general, cells were seeded with a density of 3x10 4 cells/cm 2 onto the Ti discs.
C Ch ha ar ra ac ct te er ri iz za at ti io on n o of f h hu um ma an n p pr ri im ma ar ry y o os st te eo ob bl la as st ts s The phenotype of human primary osteoblasts (pOb) cultivated as described above was characterized by their expression of alkaline phosphatase (ALP), calcium phosphate deposition and fibronectin (FN)-synthesis. C Ce el ll l a ad dh he es si io on n o of f o os st te eo ob bl la as st ti ic c c ce el ll ls s Suspended MG-63 cells in DMEM with 10% FCS were seeded onto Ti discs for 5, 10, 15min and non-adhesive cells in the supernatant were analyzed by flow cytometry. Cell adhesion was then calculated in percent.
S Sp pr re ea ad di in ng g o of f o os st te eo ob bl la as st ti ic c c ce el ll ls s Cultured MG-63 cells were trypsinated with 0.05% trypsin/0.02% EDTA, washed in PBS and the cell membrane stained with the red fluorescent linker PKH26 (PKH26 General Cell Linker Kit) [L] for 5min in suspension. The cells were then seeded onto the structured Ti discs and cultured for 3, 16, and 40h. After fixation with 4% PFA the discs were affixed on a slide using double face glue strip and the cells embedded with a cover slip. Cell areas (40 cells/specimen) were measured using the software 'area measurement' of the LSM 410.
C Co on nf fo oc ca al l m mi ic cr ro os sc co op pi ic c a an na al ly ys si is s o of f i in nt te eg gr ri in n a ad dh he es si io on ns s POb as well as MG-63 cells were cultured for 48h on Ti plates and incubated with mouse anti-human monoclonal antibody against the integrin β1 (CD29, K20 clone, diluted 1: F Fl lo ow w c cy yt to om me et tr ri ic c m me ea as su ur re em me en nt t o of f c ce el ll l p pr ro ol li if fe er ra at ti io on n MG-63 cells on Ti discs were cultured for 24h and trypsinated. Cells in suspension were washed with PBS, centrifugated and fixed with 70% ethanol over night at -20°C. After washing for two times cells were treated with RNase [L] (1 mg/ml) at 37 °C for 20min and incubated with propidium iodide (50 µg/ml) for at least 3h on ice.
G Ge en ne e e ex xp pr re es ss si io on n o of f b bo on ne e s si ia al lo o p pr ro ot te ei in n b by y r re ea al l t ti im me eu ua an nt ti i--t ta at ti iv ve e R RT T P PC CR R Total RNA extraction and reverse transcription (RT): For bone sialo protein (BSP) gene expression experiments MG-63 cells were harvested at three time points (24h, 3d, 7d) after cultivation on Ti discs as described above and rinsed once with PBS. Total RNA was isolated using the RNeasy ® Mini Kit and related protocols with DNase treatment [T] and quantified spectrometrically. RT was carried out starting from 500 ng of total RNA using 1x first strand buffer, 5 [O] , primers 300 nM each and TaqMan ® probe 100 nM [V] 2.5 µl of cDNA in a reaction volume of 25 µl. Thermocycling conditions were: 50 °C for 2min and 95°C for 10min followed by 40 cycles at 95 °C for 15min and 60 °C for 1min. BSP sequence-specific primers and TaqMan ® probe used are described elsewhere [22] . Gene expression values were calculated based on the comparative ∆∆C T -method (separate tubes with GAPDH as reference housekeeping gene) detailed in Applied Biosystems User Bulletin 2 [23] .
Results
Titanium surface
Our investigations were focussed on the interactions of human osteoblasts with the interface of differently rough titanium surfaces. Our pure Ti surfaces revealed following R a data: 0.19, 0.54, 1.22, 6.07 and 48,59 µm for polished (P) , machined (M), glass sphere blasted (GB), corundum blasted (CB) and vacuum plasma sprayed (VPS) titanium, respectively. The SEM images of the surface (Fig. 1) indicate in particular that the surface of M features striations related to machining and the CB surface shows sharp ridges and edges. 
Osteoblast-titanium interactions
The use of primary human osteoblasts (pOb) beside osteoblasts of a cell line (as MG-63) for implant investigations is advantageously because they reflect the situation of the tissue in vivo. Our pOb cells reveal the typical osteoblastic phenotype demonstrating ALP expression, calcium phosphate deposition, and fibronectin synthesis (Fig. 2) . We observed that the roughness alone of pure titanium surfaces influences different integrin-mediated functions of human osteoblasts like adhesion (values integrated in Fig. 6,  Fig. 7), spreading (Fig. 3), proliferation (Fig. 6) and expression of the differentiation marker BSP (Fig. 6, Fig. 7 ). While the adhesion of MG-63 osteoblasts was elevated with increasing surface roughness, the spreading of cells was significantly impaired on CB due to the sharp edges. Proliferation on rough surfaces was reduced while gene expression of BSP was enhanced. We revealed that subtypes of integrins differently sense their physical environment resulting in an increase of integrin expression in dependence of the roughness (values integrated in Fig. 6 ). The structural organization of integrin adhesions of pOb cells was influenced (Fig. 5 ) -extreme differences were observed on CB -the length of integrin adhesions of β1 were shortened and β1-integrins were concentrated in clusters along the ridges of the material. At least, the one important question of our investigations was, whether the physico-chemical characteristics of differently structured titanium surfaces we used correlate with cell biological data derived from osteoblasts influenced by these modifications. 
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Correlation
The correlation between parameters characterizing the material surfaces and parameters describing the cell behavior was evaluated by Pearson's correlation coefficient. This coefficient reflects the degree of linear relationship between two variables. Its value ranges from -1 to +1. The higher its absolute value the higher is the interdependency between the two examined variables. A correlation coefficient of zero means independency. As a result of the correlation between material and cell biological parameters a correlation matrix containing the correlation coefficients was obtained (Fig. 6) . The material parameters are arranged in the rows and the biological parameters are arranged in the columns of this matrix. For better clearness, only the values of the correlation coefficients that are ≥0.9 are marked in terms of grey in the matrix. The last row of the matrix contains the number of different structure modifications that form the basis for the according correlation. The two fields in the matrix additionally marked with a cross represent two selected correlation diagrams with high correlation that are shown separately in figure 7 . In these diagrams the dependencies of two biological parameters (cell adhesion: 10min and bone sialo protein: 3d) on the corrosion resistance R corr are demonstrated as representatives for all other correlations. In summary we find out that the cell biological parameters adhesion, spreading, integrin expression of α-subtypes, the integrin length in adhesion contacts, proliferation and the gene expression of bone sialo protein correlates with parameters which describe the physico-chemical characteristic of the Ti surface, in particular surface charge (Q), fractal dimension (D F ) and corrosion resistance (R corr ). 
Discussions
The background of these studies was to find out correlations between physico-chemical characteristics of structured titanium surfaces and the cellular behavior of osteoblasts grown on these modifications. We and others have already found that the variation of the surface roughness influences integrin-mediated cell functions like adhesion, spreading, proliferation and gene expression [1, 2, 3, 7, 8, [24] [25] [26] [27] . Our ARBEITEN ORIGINAL Barbara Nebe: Grenzflächenwechselwirkung von Osteoblasten mit strukturierten Titanoberflächen newest results demonstrated that subtypes of integrins are able to differently sense their physical environment [8] . In this context observations of Raz et al. could confirm that integrin expression is differentially modulated by 1alpha,25-(OH)2D3 that is sensitive to the surface [9] . β1-integrins in our experiments were topographically influenced and the length of these contacts in the adhesion complex correlated well with the material parameters. But the height of the β1-integrin expression did not show a correlation. In contrast, for the expression of α-integrin subtypes we could find a correlation. For the correlation we underlie a simple mathematical approach -a linear correlation -for the relationship between material and cell biological parameters. Although our correlation results were quite good, it is necessary to broaden our data basis by enlarging the spectrum of surface modifications to reach a higher statistical security. Furthermore, we are interested in other independent material parameters and additional cell biological parameters which could correlate together. In future experiments we want to look for further mathematical methods to investigate more intensive the cellular answers in dependence of material characteristics. We are also interested in the time-dependence of cell behavior on implant surface properties and nonlinear relationships have to be considered [14] . Finally, we want to find out the reasons for the correlations between material and cell biological parameters which we could observe in our studies on interface interactions of osteoblasts with rough titanium surfaces.
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